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We and others have shown previously that corneal keratino-
cyte stem cells can proliferate in vitro better than their prog-
eny cells. In this paper, we applied this approach to the ide~­
tification of hair follicular stem cells. When human scalp hair 
follicles were placed in explant culture, the bulge area yielded 
best outgrowths. In another experiment, we isolated differ-
ent subpopulations of human follicular keratinocytes by 
micro-dissection, dispersed them by trypsin/EDT A into sin-
gle cells, and grew them in the presence of 3T3 feeder cells. 
The keratinocytes were then subcultured under identical 
con.ditions to cou:pare their in vi.tro life span. Our results 
indicate that the ltfe span of kerat1110cytes of the upper fol-
licle (containing mainly the isthmus area) > sebaceous 
gland> lower follicle (between the bulge and bulb) > bulb 
(containing the matrix cells). The cultured upper follicu lar 
keqtinocytes tend to be small and relatively uniform in size. 
A n intriguing feature of the hair follicle is that its lower part undergoes cycles of growth and degeneration [1]. During anagen, matrix keratinocytes located in the bulb region grow vigorously, giving rise to cells that differentiate into several distinct hair components in-
cluding the medulla, cortex, and inner root sheath. During catagen, 
keratinocytes of the lower follicle below the bulge region (the at-
tachment site of arrector pili muscle) degenerate and the dermal 
papilla cells (DP; a group of specialized mesenchymal cells) 
aggregate. Through the contraction of the connective tissue sheath, 
the DP aggregate ascends and becomes attached to the bottom 
of the upper (permanent) portion of the follicle (telogen). Finally, 
a new epithelial growth originates from the bottom of the bulge 
area; this downgrowth pushes the DP away and reforms a growing 
bulb [1,2]. 
Our recent results indicate that a subpopulation of outer root 
sheath cells, located in the bulge region, has several properties 
consistent with their being the stem cells. They are experi-
mentally identified as the so-called "label-retaining cells" and 
thus are slow-cycling; they have a relatively "undifferentiated" 
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The poor il1 vitro growth of matrix cells may reflect their 
non-stem cell nature and/or special growth requirement(s) 
satisfied in vivo by the neighboring dermal papilla cells. Un-
expectedly, we found that the upper follicular keratinocytes 
grow even better than epidermal keratinocytes. The exis-
tence of a subpopulation of keratinocytes with an in vitro 
growth potential superior than other known keratinocytes of 
the skin supports the hypothesis that follicular stem cells 
reside in the upper follicle. Our data also raise the possibility 
that putative follicular stem cells are involved not only in 
forming the follicle, but also in the long-term maintenance 
of the epidermis. Finally, we discuss the possibility that ke-
ratinocyte stem c~lls, as defined by their in vivo slow-cycling 
nature, are absent 111 culture. Key words: stem cells/epithelial 
cells/cell culture/epidermis.] Invest Dermatol1 01 :652 - 659, 
1993 
ultrastructure, and they appear to be responsive to growth stimula-
tion by phorbol ester [3]. Based on these results, we proposed 
that follicular stem cells are located in the bulge, and that during 
late telogen/ea.rly anagen these bulge c~lls may.be st!mulated by 
the dermal papilla cells to undergo transient prolIferatIOn yielding 
a new follicular downgrowth [3 - 5]. This hypothesis is useful 
in that it can explain several puzzling phenomena. For example, 
by pre-supposing that the matrix cells are transient amplifying 
cells, it explains why such cells can grow vigorously, although 
only for a limited period of time. It also easily explains the obser-
vation that lower follicular epithelial cells appear to be "dispens-
able" [6,7]. 
A centrally important feature of a stem cell is its high proliferative 
potential, ~h.ich usually outlasts th.e li~e span ~f the animal [8 -10]. 
Although It IS hard to assess the Jrl VIVO proliferative potential of 
different subpopulations of follicular cells, one can readily compare 
their irz vitro proliferation. Relative to the so-called transient ampli-
fying cells, the stem cells should be comparatively long-lived. The 
usefulness of this approach was illustrated in earlier studies on cor-
neal epithelial stem cells. Based on the fact that limbal basal cells 
lack K3 keratin - a marker for an advanced stage of corneal epithe-
lial differentiation - whereas central corneal epithelial basal cells 
are K3 positive, we proposed previously that corneal epithelial stem 
cells are located in the limbal zone [11]. This idea is supported by the 
slow-cycling nature [12] and superior transplantability of the limbal 
cells [13,14]. Interestingly, limbal epithelial cells were found to 
grow better than central corneal epithelial cells, both in human 
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explant culture [15] and in rabbit cell culture [16]. This las t finding 
strongly supports the Iimbal location of cornea l epithelial stem cells, 
and clearly illustrates the usefulness of cell culture as a way to iden-
tify the stem cells. 
In the present paper, we compared the ill vitro growth potentia l of 
different subpopulations of human follicular epithelial cells. The 
abi li ty of keratinocytes of different portions of human hair follicles 
to form an outgrowth was compared in explant culture. In another 
experiment, we separated several portions of the human follicl e by 
microdissection; keratinocytes ,were then isolated by trypsinization, 
and were propagated in the presence of3T3 feeder cells. Our results 
indicate that the upper follicle-a region including the bulge-
contains keratinocytes that have an ill vitro proliferative potential 
that is significantly higher than those of the lower follicle including 
the bulb, the sebaceous gland, and, unexpectedly, the epidermis of 
the same specimens. These results lend strong support to the idea 
that follicul ar stem cells are located in the bulge of the upper follicle, 
and has several important implications on the epidermis-follicular 
relationship. 
MATERIALS AND METHODS 
Isolation and Organ Culture of Human Hair Follicles Plastic surgery 
specimens of human scalp skin were obtained from the nape of the neck. 
They were shaved, wiped with 70% ethanol , and incubated for 30 min in 
Dulbecco's modified Eagle's medium (DMEM) containing penici llin (100 
unit/ ml), streptomycin (100 tlg/ml) , and amphotericin B (0.5 ttg/ml). 
Most of the subcutaneous fat was dissected away taking care to preserve the 
hair follicl es. The ti ssue was trimmed into small pieces (4 X 8 mm2) , and the 
skin fragments were incubated at 4°C for 12 h in Dispase II (0.2 mg/ m1; 
Boehringer, Mannheim, Germany) in phosphate-buffered saline (PBS; 
[17)). H air follicles were then dissected and placed in Petri dishes containing 
DF complete medium (a 3: 1 mixture of DMEM and Ham's F12 medium 
supplemented with 17% fetal calf serum, 0.5 ttg/ml of hydrocortisone, 
10 ng/ml epidermal growth factor [EGF]' 10- 9 M cholera toxin , 3.4 mM 
L-glutamine, 5 ,ug/ml insulin, and 0.135 mM adenine). 
Cell Culture of Subpopulations of Human Follicular Keratinocytes 
Each isolated follicle was nucrodissected into several segments, as defined in 
Fig 1. Briefly, the " upper follicle" represents roughly the upper two-fifths of 
the follicle excluding the infundibulum and sebaceous gland. The " lower 
follicle" contains the lower half to three-fifths of the fo llicle excluding the 
bulb. The " upper fo llicle," " lower follicle," and " bulb" fractions were 
minced and then dissociated into single cells by incubating at 3rc for 
30 min in 0.125% trypsin and 0.01 % ethylenedian1.ine tetraacetic acid 
(EDT A) in PBS, The dissociated cells were rinsed in PBS contailling 5% calf 
serum, and incubated in 0.25% deoxyribonuclease for 5 min [18]. The re-
sulting cell suspensions were filtered through three layers of sterile gauze 
and a 200-tlm mesh nylon, collected by centrifugation, and plated in DF 
complete medium in the presence of mitomycin C-treated 3T3 feeder ce lls 
[1 9] . The keratinocytes were subcultured by trypsinization, followed by 
plating at 105 ce lls/35-mm dish in the presence of 3T3 feeder cell s. 
RESULTS 
To compare the ill vitro growth potential of various subpopulations 
of follicul ar keratinocytes, we microdissected scalp hair follicles 
from plastic surgery skin specimens, and placed these intact human 
hair follicles in explant culture. The advantage of this approach is 
that the sebaceous gland and the characteristic change in the diame-
ter of the follicle around the bulge area provide convenient markers 
for determining the origin of the outgrowth. Our results indicate 
Figure 1. Different parts of a human anagen hair follicle. Follicles were 
microdissected and separated into epidermis (E). upper follicle (UF), lower 
fo llicle (LF), and bulb (B) as defin ed on the left. Abbreviations: Inf, infun-
dibulum; SG, sebaceous gland; AM. arrector pi li muscle; Is, isthmus; ORS, 
outer root sheath; FS, fibrous sheath; M, matrix; and DP, dermal papIlla. 
Hematoxylin eosin-stained plastic section. Bar, 200 ttm. 
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Figure 2. O utgrowth of upper follicular epithelial cells. Intact , micro dissected human hair fo llicles were placed in plastic dishes in O F medium containing 
17% fetal calf serum and other additives (see Materials alld Methods) for 5 - 12 d. N ote the fo rmation of epithelial outgrowth in upper fo ll icle (UF), most 
frequently in a region below the sebaceous gland (SG). T his area shows a change in fo llicular diameter that is obvious in normal histologic sections but becom~ 
even more prominent after the follicles have been placed in culture fo r several days. Histologic examination showed that this area corresponds to the bulge. 
(a - f), six diffe rent fo llicles with such epithelial outgrowth (arrows); (A - F), under a higher magnification the phase contrast morphology of such cells. Bars in 
(J) and (F) , 400 11m and 100 11m, respectively. 
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hat the most frequent site of such outgrowth is located below the 
t baceo us gland in an area coinciding with a widening in follicular d~ ameter. Histologic examination established that this area corre-
londs to the bulge. Figure 2a-f shows six follicles with keratino-
sp te outgrowths, and Figure 2A-F shows under a higher magnifi-~~tion the morphology of cells outgrowing from the bulge area of 
these follicl es. 
One problem in interpreting these explant culture data is that one 
nnO t rule out the possibility that keratinocytes of the lower foil i-
ctes or the bulb area were hindered from forming outgrowth by the ~ tact connective tissue sheath. To tes t this possibility, we dissected ~~e epidermis, upper folli~le, sebaceous gland .. lo~er follicle, a nd 
bulb (see Fig 1 and Matenals a"d Methods), dissociated them mto 
. gle-cell suspensions with trypsin/EDTA, and plated them in the 
Sl:esence of mitomycin-treated 3T3 feeder cells. These cells were 
Pllowed to grow 'to about 70% confluence, and then passaged under 
~dentical conditions. Figure 3a,b shows the results of two typical 
1 eriments. As expected, the epidermal cells grew quite well under e~~se experimental conditions (Figs 4a,b) and could be subcultured ~hree to four times ~Fig ~) [19]. Keratinocytes of the lower/ollicles 
eW w-ell il'lltlally 111 pnmary culture, but upon subcultunng they g~ickly underwent sen~scen~e, form.in~ pred?minately small colo-
q. es with signs of term1l1al differentiation (Figs 4c,d) . The growth f bulb cells, even in primary culture, was relatively poor; they £ rme d small colonies containing highly refractile, upper cells rem-
.0. scent of the keratinized structures formed by epidermal cells !n~wing in vitamin A-deficient media (Fig 4e; [20]) . Cells of the ~:baceous gland grew as well as the epider~nal keratin~cytes, form-
. colonies that were morphologically sll111lar to epidermal cells 
:Jfhough some of the cells apparently accumulated lipids (Fig 5) . 
Interestingly, cells of the uPl?er follicles grew extremely well (Fig 
6). In five independent expenments, we found that upper f?lhcular 
li s could be passaged two or three times more than kerat1l10cytes 
cf the epidermis, sebocytes, and the bulb (Fig 3 and data not shown). ~ all these experiments, the bulb cells showed the poorest growth, 
ossibly reflecing a special nutritional requirement [2.1-23]. An ~teresting feature of the cultured upper follicular cells IS that they 
frequently form colonies with "uniformly small cells" (Fig 6), sug-
esting that these cells are relatively young with a high proliferative ~otential [24,25] . 
DISCUSSION 
Follicular Stem Cells Based on cell kinetic, morphologic, .and 
biologic considerations, we have previously suggested that follicu-
lar stem cells reside in the bulge area [3] . Here we demonstrate that 
keratinocytes from an area of the hair follicle containing these puta-
tive stem cells indeed have a longer ill vitro life span than cells of the 
lower follicle and sebaceous gland (Fig 3 and data not shown). Our 
data are therefore in accordance with an earlier study by Regauer 
and Campton [26] who showed that "appendigeal keratinocytes" 
present in the ':mid-dermal" explants of p~rcine skin . forn~ed .the 
greatest epithelial outgrowth and had the highest Viability III vitro. 
Taken together, these results strongly support our hypothesis that 
follicular stem cells reside in the bulge [3 - 5J. 
Chase [1] postulated in 1954 that " upper outer (root) sheath" 
contains a population of pluripotent stem cells capable of not only 
formi ng the follicle, but also the epidermis and sebaceous gland. 
O ur observation that keratinocytes of the upper outer root sheath 
have a significantly higher ill lIitro proliferative potential than epi-
dermal cells lends strong support to this hypothesis. Additional 
support comes from several oth~r observations. It. has l~ng been 
recognized that followll1g full-thickness epidermalll~ury 1Il exper-
imental animals, hair follicles contribute keratinocytes to form the 
new epidermis [27,28] . Potten and Henry [29] reported that some 
clonogenic cells of the hair follicl e are more resistant to radiation 
than the interfollicular cells. Recently, we observed that the isthmus 
and infundibulum of early anagen follicl es contain numerous mi-
totic cells whose progeny may migrate towards the epidermis [30]. 
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Figure 3. Se,rial cultivation of different sub populations of human skin kerat-
1Il0cyt~s . Hair f?lltcles were microdissected into several parts (see Fig 1) 
llldudlllg the epidermiS (E), upper follicle (UF), sebaceous gland (SG), lower 
folltcle (LF), and bulb (B). The keratinocytes were dispersed by trypsin/ 
EDTA, plated in the presence of3T3 feeder cells, and subcultured at -70% 
confluency. The numbers on top denote secondary, tertiary, etc. cultures, 
respecti~ely . Only secondary and subsequent subcultures are shown because 
the platmg effiCiency of pnmary cultures varied significantly depending on 
the ratIO of differentiated versus nondifferentiated cells and thus were not 
strictly comparab le. a,li, results from two independent 'experiments. Note 
that keratlllocytes of the upper follicles have a longer ill lIirro li fe span than 
other kera tinocytes. 
Lenoir e£ at [31] and Limat el at [32] showed that cultured outer root 
sheath cells of human hair fo llicle can regenerate, under appropriate 
expenmental conditions, a keratinized epidermis ill vitro. Taken 
together, these data support the idea that a transient amplify ing 
population of bulge-originated cells may contribute to the mainte-
nance of interfollicular epidermis [1,2]. 
Bulge cells obviously do not play such a ro le in palm/sole epithe-
lium, which is devoid of hair follicle. This epithelium consists of 
alternating deep and shallow rete ridges [33] . We have shown ear-
656 YANG ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
Figure 4. Cultured keratinocytes of inter follicular epidermis (a,b), lower follicl e (c,d) , and bulb (e) . These cells were 10-d (secondary) cultures grown in the 
presence of a 3T3 feeder layer. Bar, 100 j.l.m. 
Iier that the nonserrated basal cells located at the bottom of the deep 
rete ridges 1) are normally slow cycling but can be stimulated to 
proliferate by wounding; 2) can apparently give rise to a supraba-
sally located population of rapidly proliferating cells; 3) are mor-
phologically primitive; and 4) are heavily pigmented [33,34]. Based 
on these data, we proposed that the nonserrated basal cells are the 
presumptive stem cells of the palm/sole epithelium [34]. 
Our present observation, that cells of sebaceous gland can prolif-
erate in vitro, is consistent with several earlier reports documenting 
the ability of basal sebocytes to divide [35 - 38]. In fact, following 
most epidermal perturbations, basal sebocytes are readily observed 
to incorporate tritiated thymidine (unpublished data). This has led 
some investigators to postulate that the sebac;;eous gland may itself 
contain stem cells. In fact, based on the observation that human 
follicles can regenerate after the lower follicles are surgically ex-
cised, Inaba [39] proposed that such regeneration originates from 
the sebaceous gland. However, several pieces of experimental data 
argue against the possibility that sebocytes can serve as pluripotent 
stem cells. First, cultured sebaceous cells undergo sebaceous differ-
entiation to some extent (Fig 5e), indicating a commitment to the 
sebaceous lineage [38]. Second, our data indicate that the in vitro 
proliferative potential of sebocytes is much less than that of the 
upper follicle cells (Fig 3). Third, Montagna and Chase [40] ob-
served that after the sebaceous glands were destroyed by 3-methyl-
cholanthrene, the glands can regenerate from external root sheath 
cells of the upper follicle. Fourth, we have not been able to detect 
any slow-cycling cells in the sebaceous glands [3]; this raises the 
possibility that the sebaceous stem cell population may reside in 
another, nearby location. 
Do Keratinocyte Stem Cells Exist in Culture? Loss of 
"Niche" Because stem cells are supposed to be "immortal," why 
can such cells be passaged in vitro for only a few times? The answer 
most likely lies in the concept that the microenvironment of a stem 
cell plays a crucial role in preventing the cell from proliferation 
and/ or differentiation, hence maintaining its "sternness" [8 -10]. 
According to this "niche" theory, once keratinocyte stem cells are 
removed from their in villo microenvironment and placed in tissue 
culture-which is usually characterized by greatly widened inter-
cellular space and a wealth of growth-stimulating hormones and 
factors that keratinocytes normally do not encounter in lIillo-these 
cells will exit from the stem cell compartment and undergo active 
cell proliferation. If so, keratinocyte stem cells, as defined in villo b ' 
their slow-cycling nature, 110 longer exist in culture. In this regard, it 
is interesting to note that although the smallest basal keratinocytes 
of in lIillo epidermis are - 8 f.1.m in diameter, such small (presumably 
non or slow cycling) basal cells are not found in culture, the smallest 
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Figure 5. C ultured human sebo~ytes. Sebaceous glands (SG) were mic.rodissected (a). and placed in a Petri dish to obtain sebocyte outgrowths (b,c), which 
e then trypslIllzed and plated 111 the presence of 3T 3 feeder ce ll s. 011 red O-staJllll1g (e) of a 10-d culture showed that many sebocytes accumulate Itplds 7a~~ows) , whereas some other ce lls were negative (opell arrows) . Bars in (d) and (e), 100 Illn and 50 11m, respective ly. 
f w hich are;;:: 11 - 12 f.1.m in diameter [41] . This suggests that all ~ells in culture are probably in a prol iferative mode. This also sug-
gests that even though the ill vivo stem cell s may behave as clono-
genic cells in culture forming the so-called " holoclone" [42], once 
in culture these cells probably behave like earl y transient-amplify-
ing cells of the in vi lla tissue. This may explain wh y such clon.ogenic 
cells, if cont1l1uously passaged, soon exhaust their proliferative po-
tenti al and become terminally differentiated or "senescent." ThiS 
process of ill vitro senescence can apparently be arrested, however, by 
transplanting these cells back to the in villa environment. This has 
been demonstrated by transplanting serially passaged human epi-
derm al keratinocytes onto burn patients [43] . Strong evidence exists 
that cells with onl y relatively limited (remaining) ill lIilm li fe ex-
pectancy can nevertheless be transplanted, formin g healthy epider-
mis that can persist for years ill villa [43) . The reconstitution of the ill 
vivo (niche) environmen't and the restoration of the stem cell feature 
of early T A cel ls is an important issue that needs to be furth er 
studied experimentally. 
In conclusion , we have shown that upper human anagen follicl es 
contain a subpopulation of keratinocytes that can grow better than 
all o ther skin keratinocytes including those of the lower follicl e, 
sebace.ous gland , and, unexpected ly, even the epidermis. This ob-
servation strongly supports the Idea that follicular stem cells res ide 
in the upper .follicle, most likely in the bulge area, as we have 
proposed earber ([3 - 5], also see [44 - 46]) . Our data also raise the 
interestin.g possibility that fo llicular stem cells may be involved 
lIot only 111 1I11tlatll1g the for mation of a new, lower follicle during 
early anagen. but also in the long-term maintenance of the epider-
1~1lS. Cultured upper follicul ar keratinocytes are therefore poten-
tially useful for follicular reconstruction and transplantation , 
as well as for wound coverage in burn or skin-ulcer patients. Our 
results also suggest that the selective kill ing of upper follicu-
lar keratl110cytes ill situ could constitute an effective step for per-
manent hair removal (see, e.g., [47)) . The long-term consequence of 
such a step on the health of the epidermis, however, remains to be 
addressed. 
This work was slIpported ill part by grallls awarded by N IH (A R/CA41669. 
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Figure 6. Keratinocytes cultured from upper human hair follicles. These arc primary cultures that have grown for 7 - 1 0 d in the presence of3T3 feeder cells. 
Cells of many colonies arc relatively small and uniform in size (a,b compared with c,d). Bar, 100/1111. 
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